Aim: Anorexia nervosa (AN) includes the restricting (AN-r) and binge-eating/purging (AN-bp) subtypes, which have been reported to differ regarding their underlying pathophysiologies as well as their behavioral patterns. However, the differences in neural mechanisms of reward systems between AN subtypes remain unclear. The aim of the present study was to explore differences in the neural processing of reward and punishment between AN subtypes.
A NOREXIA NERVOSA (AN) IS an eating disorder characterized by significantly low bodyweight, intense fear of gaining weight, and body image distortion. 1 AN includes two subtypes: a restricting type (AN-r) and a binge-eating/purging type (AN-bp). Individuals with AN-r purely restrict their food intake and increase activity, while those with AN-bp usually restrict their food intake and regularly engage in binge eating and/or purging behaviors. In addition, the two subtypes are characterized by different behaviors and personality characteristics. Individuals with AN-r show high persistence and low novelty-seeking behaviors, whereas those with binge-eating disorders, including AN-bp, have high impulsivity, sensation-seeking, and novelty-seeking traits. 2 Psychiatric comorbidities also differ between the subtypes: individuals with AN-bp have more affective disorders, particularly major depression, than those with AN-r. 3 The prevalence of substanceuse disorders 4 and impulsive behaviors 5 is higher in AN-bp than AN-r. Borderline personality disorder is more common in AN-bp, whereas avoidant personality disorder is more often observed in AN-r. 6 AN subtypes also have divergent underlying causes, 7 while the etiology of AN as a whole has been linked to neural systems associated with hunger regulation, cognitive control, self-regulation, and reward processing. [8] [9] [10] Previous studies on behavioral measures have reported differences between AN subtypes in impulsive behavior 11, 12 and cognition. 7 In addition, different brain responses measured by functional magnetic resonance imaging (fMRI) have been observed between AN subtypes during a set-shifting task. 13 A better understanding of the neural underpinnings of AN subtypes may improve our knowledge of eating disorder pathophysiology and help to develop evidence-based treatment approaches and tailored treatment approaches for both AN subtypes. However, since few studies have used fMRI to examine differences in neural mechanisms between AN subtypes, the neurobiological basis for the two subtypes remains unclear.
Sensitivity to reward and punishment is related to sensation/novelty-seeking and risk-taking behaviors, 14 which differ among AN subtypes as mentioned above, although alteration of the reward system has also been reported in AN as a whole. [8] [9] [10] In addition, differences in sensitivity to reward and/or punishment between AN subtypes have been found using self-administered questionnaires [15] [16] [17] and behavioral measures (i.e., temporal discounting and delay discounting). 18, 19 Moreover, neural responses in the caudate were reported to vary between women recovered from AN-r 20 and women recovered from bulimia nervosa 21 (similar to AN-bp in terms of binge-eating and purging) in fMRI studies of reward systems using a monetary guessing task. 22 These results suggested that reward system functionality differs between AN subtypes. However, no existing fMRI studies have investigated neural differences in reward systems between AN subtypes.
In the current study, to investigate differences in the neural responses of reward and punishment processing among AN-r, AN-bp, and healthy controls (CTL), participants underwent fMRI while performing a Monetary Incentive Delay (MID) task. 23 Although food is the primary reward and may be very influential in the reward system of AN, it is extremely difficult to define reward and punishment using food, especially for patients with AN. Therefore, we used a secondary reward: money. The MID task has previously been used to examine the neural responses in incentive processing. An advantage of using the MID task is that it can examine the anticipation phase of gains and losses. The anticipation phase is important because the anticipation stage influences subsequent thought and behavior 24 and may account for the differences between AN subtypes (e.g., binge-eating and purging). Here, we elucidate differences in fMRI responses in the two AN subtypes during anticipation of reward and punishment processing (i.e., monetary gain and loss).
METHODS

Participants and clinical assessments
All participants were women aged 20-49 years. The study sample comprised 11 patients with AN-r, 12 with AN-bp, and 20 CTL women. All participants were right-handed except one with AN-bp. All AN participants were recruited from Kyoto University Hospital. Three trained psychiatrists administered the Japanese version of the Structured Clinical Interview for DSM-IV-TR Axis I Disorders 25 and Axis II Disorders 26 to all participants. All 11 AN-r participants and eight AN-bp participants fulfilled the criteria of the DSM-IV. To avoid the effects of diagnostic crossover as much as possible, we chose only patients whose duration of illness was over 5 years. In addition, all AN-r participants reported no previous history of other eating disorders. Four AN-bp participants did not fulfill the AN criteria because they continued menstruating. Furthermore, two of these participants had body mass indices (BMI) slightly above 18.5 kg/m 2 . However, all four of these participants fulfilled the criteria of AN-bp or AN-bp in partial remission according to the DSM-5 criteria. Therefore, we included these four participants in the AN-bp group. None of the participants with AN were using contraceptives or receiving hormonal therapy. In addition, no AN participants had previous or current diagnoses of psychotic disorders, or met current diagnosis criteria for major depressive disorder or bipolar disorder. However, some AN participants had comorbid symptoms, such as anxiety, depressive mood, aggression, and/or impulsiveness. For the treatment of these comorbid symptoms, two AN-r and four AN-bp participants were undergoing stable medical treatment that included combinations of psychoactive medications (i.e., antipsychotics, antidepressants, antianxiolytics, and antiepileptics) ( Table S1 ). The exclusion criteria for the CTL group were a history of any axis I or II disorder of DSM-IV-TR, a history of psychopharmacological treatment, a history of neurological problems, or concomitant medical diseases. The present study was approved by the Committee on Medical Ethics of Kyoto University and was carried out in accordance with the Code of Ethics of the World Medical Association and the standards laid down in the 1964 Declaration of Helsinki and its later amendments. Written informed consent from each of the participants was obtained after offering a complete description of the present study.
In all participants, degrees of severity for eating disorder, depressive state, and trait anxiety were assessed with the Japanese version of the Eating Disorder Examination Questionnaire 6.0 (EDE-Q), 27, 28 the Beck Depression Inventory-Second Edition (BDI-II), 29, 30 and the State-Trait Anxiety Inventory in Japanese (STAI-JYZ), 31 respectively. While anxiety was assessed by the STAI-JYZ, the examination was performed not before the fMRI but during a prior psychological examination or interview. Therefore, we focused on trait-anxiety, not state-anxiety, in the present study.
MID task
All participants completed a Japanese version of the MID task 32 based on the original version. 23 The MID task consisted of 90 trials. In each trial, shapes appeared in the following order: (i) one of nine cue shapes (2001 ms); (ii) a crosshair for a variable interval (2000-2500 ms); and (iii) a white square target for a variable duration (160-500 ms). Participants tried to press a button during the presentation of the white target. If participants succeeded in doing so, they gained or avoided losing money. After the target disappeared, feedback appeared (1919 ms), which notified participants of not only how much money they had gained or lost in that trial but also of their total acquisition amount up to that point. For all participants, the target duration started at 200 ms. During the task, target durations were changed according to each participant's reaction time and set such that participants would succeed in approximately 66% of the trials.
There were nine shapes used as cues: four types of circles, four types of squares, and one type of triangle. Circles were potential gain cues. A circle with zero, one, two, or three horizontal lines signaled the possibility of winning ¥0, ¥20, ¥100, or ¥500, respectively. In contrast, squares were potential loss cues. Squares with zero, one, two, or three horizontal lines signaled the possibility of losing ¥0, ¥20, ¥100, or ¥500, respectively. Each type of circle and square appeared nine times during a run. The triangle signaled that no response was required and that participants should not press the button during the trial. The triangle appeared 18 times during a run. Cues appeared pseudo-randomly within a run. The participants were trained for about 5 min and tested for their understanding of the cues. The participants were told that they would receive real money of the same amount that they gained during this task after the experiment. Stimulus presentation and response collection were performed using E-PRIME 2.0 PROFES-SIONAL (Psychology Software Tools, Sharpsburg, PA, USA).
fMRI acquisition
Acquisition of functional imaging was conducted on a 3-T whole-body scanner equipped with a 32-channel phased array head coil (Trio, Siemens, Erlangen, Germany). The image-acquisition parameters were as follows: repetition time = 2000 ms; echo time = 30 ms; flip angle = 90
; field of view = 192 × 256 mm; matrix size = 48 × 64; and 34 interleaved axial slices of 4-mm thickness without gaps (4-mm cubic voxels). The first two volumes were discarded to allow for signal stabilization. Real-time reconstruction, z-shimming correction, and a tilted acquisition sequence at −30 to the anterior commissure-posterior commissure line were used to minimize signal loss in the orbitofrontal and temporal cortex. 33 Each run included 368 volumes. Each participant lay supine on a scanner bed and held a button-response device in the dominant hand. The visual stimuli were back-projected onto a display through a built-in mirror.
fMRI and statistical analyses
Imaging data were analyzed with SPM8 (Wellcome Department of Imaging Neuroscience, University of London, London, UK) on MATLAB 2014b (MathWorks, Natick, MA, USA). The functional images were corrected for the different timing of acquisition of different slices. The timing-corrected images were spatially realigned to the first image to remove head movement artifact. The realigned images were spatially normalized to fit the EPI template provided in SPM8. Then, the normalized images were spatially smoothed with a Gaussian kernel with a full width at half maximum (FWHM) of 8 mm.
Three conditions were modeled during the anticipation phase: neutral, all magnitudes of gains (i.e., +¥0, +¥20, +¥100, and +¥500), and all magnitudes of losses (i.e., −¥0, −¥20, −¥100, and −¥500). In the present study, we analyzed brain activation during the anticipation phase, defined as the 4-s spanning from the onset of presentation of the cue shape to the onset of presentation of the white square target. Each of the three conditions (i.e., neutral, all magnitudes of gains, and all magnitudes of losses) was separately modeled as a regressor for first-level multi-regression analysis. Six motion parameters were included as additional nuisance regressors. Low-frequency noise was removed by high-pass filtering the time series using a cut-off period of 128 s. By applying the linear contrast to the parameter estimates, images reflecting the magnitude of correlation between the signals and the model of interest were computed for each of the three conditions. Then, the following two contrasts were computed: (i) all magnitudes of gains > neutral; and (ii) all magnitudes of losses > neutral. The resultant images were used for the subsequent second-level analysis.
Second-level statistical parametric maps were produced using a one-sample t-test for each group and had significance thresholds of P < 0.001 uncorrected at the voxel level and P < 0.05 family-wise error ratecorrected at the cluster level. Between-group analysis was conducted using whole-brain one-way analysis of variance (ANOVA). To avoid setting the minimum cluster size threshold arbitrarily, between-group analysis was conducted with a corrected threshold of P < 0.05, which was determined using the AlphaSim program in the REST software (http://www.restfmri.net) (parameters: single voxel P < 0.001, 1000 iterations, FWHM = 8 mm). This AlphaSim-corrected threshold of P < 0.05 was equal to a combined threshold of P < 0.001 for each voxel and a cluster size of at least 70 voxels. We also performed analysis of covariance (ANCOVA) including BMI as a covariate. Additional analyses on the parameter estimates extracted at each of the peak voxels of significant clusters in which group differences were found in the whole-brain one-way ANOVA (i.e., the rostral anterior cingulate cortex [ACC] and right posterior insula; see Results) were conducted with one-way ANOVA using SPSS 21.0 for Windows (SPSS Inc., Chicago, IL, USA). In addition, following the previous studies, 23, 34 we also examined the effects of gain or loss magnitude (¥0, ¥20, ¥100, and ¥500) on the extracted parameter estimates at each peak voxel of significant clusters in the rostral ACC and right posterior insula. Each of the nine conditions (i.e., neutral, four magnitudes of gains, and four magnitudes of losses) was separately modeled as a regressor for first-level multi-regression analysis. Then, the following eight contrasts were computed: (i) -¥500 > neutral; (ii) -¥100 > neutral; (iii) -¥20 > neutral; (iv) -¥0 > neutral; (v) +¥500 > neutral; (vi) +¥100 > neutral; (vii) +¥20 > neutral; and (viii) +¥0 > neutral. To investigate group differences, the parameter estimates of each peak voxel of each contrast were compared using a mixed-model ANOVA (magnitude × group) for each incentive valence (loss, gain) with magnitudes (¥0, ¥20, ¥100, ¥500) as within-participant factors and group (CTL, AN-r, and AN-bp) as the betweenparticipant factor, using SPSS.
Statistical analyses of clinical data, as well as correlation analyses between brain activation and clinical data, were also performed. For between-group comparisons of the mean, distribution normality was tested using the Shapiro-Wilk Normality Test. Then, normally and non-normally distributed data were analyzed using one-way ANOVA and the Kruskal-Wallis test, respectively. Correlations between brain activation of each large incentive condition (+¥500, −¥500) > neutral in the peak voxels and demographic/clinical data (age, BMI, global score of EDE-Q, BDI-II, and trait anxiety) were determined by Pearson correlation coefficients in each group. A corrected alpha of 0.01 (0.05/5 [five clinical measures]) was chosen as a significance threshold.
RESULTS
Participant characteristics
Clinical characteristics are summarized in Table 1 . The CTL, AN-r, and AN-bp participants did not differ in terms of age, years of education, or duration of AN in the AN participant groups (P > 0.05), but there were significant differences in BMI, the global score of EDE-Q, BDI-II, and trait-anxiety score of STAI-JYZ (P < 0.001). Post-hoc analyses showed that AN-bp participants had significantly higher scores in the global score of EDE-Q and trait-anxiety than CTL and AN-r participants. In addition, AN-bp and AN-r participants had significantly higher scores in BDI-II than CTL participants. CTL, AN-r, and AN-bp participants did not differ in terms of the performance of the MID task (Table 1) .
fMRI data
Whole-brain one-way ANOVA: Gain anticipation In each of the three groups, overall anticipation of gains > neutral induced activation in the striatum (i.e., putamen and caudate), thalamus, pallidum, supplementary motor area, frontal pole, and cerebellum (Fig. 1a) . However, whole-brain analyses with neither one-way ANOVA nor one-way ANCOVA (including BMI as a covariate) showed a significant main effect of group.
Loss anticipation
Activation during overall anticipation of losses > neutral was topographically similar to those during anticipation of gain (Fig. 1b) . A one-way ANOVA showed a significant main effect of group in the rostral ACC (x = 4, y = 26, z = −4, 152 voxels, Z = 3.67) and the right posterior insula (x = 44, y = −2, z = −10, 75 voxels, Z = 3.48). Analyses on the parameter estimates extracted at the peak voxels revealed that there was a statistically significant difference between the groups in both the rostral ACC, F(2, 40) = 12.06, P < 0.001, η 2 = 0.38, and right posterior insula, F (2, 40) = 10.30, P < 0.001, η 2 = 0.34. GamesHowell post-hoc analyses showed that the AN-bp group had significantly (P < 0.05) higher brain activity than the AN-r and CTL groups in both regions. In contrast, there was no significant difference between AN-r and CTL participants in either the rostral ACC (P = 0.79) or the right posterior insula (P = 0.47) (Fig. 2) . A one-way ANCOVA including BMI as a covariate did not alter the result (Fig. S1) , suggesting that the findings were not attributable to BMI. 
Magnitude effects
Because the whole-brain analysis showed significant group effects on brain activation in two regions (i.e., the rostral ACC and right posterior insula) during loss anticipation, a mixed-model ANOVA (magnitude × group) for loss was conducted for the two peak voxels, the rostral ACC (x = 4, y = 26, The threshold for significant differences was P < 0.001 uncorrected at the voxel level; P < 0.05 family-wise error rate-corrected at the cluster level. AN-bp, binge eating/purging-type anorexia nervosa; AN-r, restricting-type anorexia nervosa; CTL, healthy control participants.
© 2017 The Authors Psychiatry and Clinical Neurosciences © 2017 Japanese Society of Psychiatry and Neurology increase in activation in the rostral ACC, but again not in the right posterior insula. A significant interaction between group and magnitude was not found in either region (Fig. 3) . In each group, there was no significant correlation between brain activation in response to each large incentive condition (+¥500, −¥500) > neutral in the peak voxels and any of the demographic/clinical variables (i.e., age, BMI, global score of EDE-Q, BDI-II, and trait-anxiety).
DISCUSSION
To our knowledge, this is the first fMRI study to investigate differences in the neural processing of reward and punishment between AN subtypes (i.e., AN-r and AN-bp). We found a significant group difference in brain response during punishment processing, but not during reward processing (i.e., during the anticipation of losses but not gains). Specifically, the AN-bp group showed higher brain activation than either the AN-r or the CTL group during loss anticipation in the rostral ACC and the right posterior insula. These findings suggest that different neurobiological correlates during incentive processing may exist between AN subtypes. The main finding of the present study was that AN-bp participants showed greater recruitment of the rostral ACC and the posterior insula during loss anticipation compared with AN-r and CTL participants. The ACC and the posterior insula have been suggested to be involved in modulating the emotional aspects of the sensory perception of painful stimuli. 35, 36 Brain activity in the rostral ACC has been linked to aversive stimuli, such as monetary losses 37 and errors during the punishment condition 38 and has been associated with emotional information processing and emotional conflict resolution. 39, 40 In contrast, the insula plays a role in integrating the body's homeostatic and emotional information via connections with the limbic and cortical areas 41 and in cognitive, affective, and regulatory functions. 42 Specifically, the posterior part of the insula is functionally connected to the primary and secondary somatomotor cortices and is activated in relation to somatosensory stimuli with affective or motivational significance. 43 Therefore, the observed higher brain activation in the rostral ACC and the posterior insula in AN-bp participants during loss anticipation may reflect higher emotional and somatosensory arousal for potentially punishing stimuli in AN-bp participants.
Moreover, in the present study, each of the groups showed increased brain activation relative to the increased magnitude of loss in the rostral ACC, but not of that in the right posterior insula. A previous study using fMRI reported that the ACC, but not the posterior insula, showed increased signal changes in relation to the expectation of pain with increased unpleasantness. 35 In addition, rostral ACC activation has been shown to predict valence ratings of prosody from positive, neutral, and negative categories, 44 and to be correlated with the change in pain ratings. 45 In another study, however, such effects were not observed in the posterior insula. 36 These studies suggest that activation in the rostral ACC, but not in the posterior insula, may correlate with unpleasantness, such as pain intensity. In fact, a previous study showed that the rostral ACC and posterior insula are involved in different aspects of pain processing. 36 Our findings of different patterns of brain activation between the rostral ACC and posterior insula may be in line with the results of the previous study; the rostral ACC and posterior insula The regions that showed altered brain responses in the present study (i.e., the rostral ACC and posterior insula) have been implicated in AN pathology. 46 Insular dysfunction has specifically been reported. [47] [48] [49] Furthermore, studies have reported insular function differences among AN subtypes. For example, one previous study showed altered brain activation in the insula between AN-r and AN-bp during a set-shifting task. 13 Another study found altered brain activation in the insula in response to the taste of sucrose between recovered AN-r patients and recovered bulimia nervosa patients. 50 The combination of these earlier results and our findings imply that insular dysfunction is more evident in AN-bp and may contribute to binge-eating behavior in AN-bp.
In the present study, participants with AN-bp showed greater recruitment of neural regions implicated in emotional and somatosensory arousal compared with AN-r and CTL participants. These altered brain responses suggest that individuals with AN-bp would be more sensitive to potential punishment stimuli. This is consistent with a study that used self-administered questionnaires and found that individuals with AN-bp displayed higher levels of punishment sensitivity than those with AN-r, whereas there were no differences in reward sensitivity between the two groups. 17 Additionally, binge eating has been thought to occur in response to strong negative emotions to release the individual from the momentary negative emotional experience. 51, 52 Our findings suggest that individuals with AN-bp have higher sensitivity to aversive stimuli, which may lead to strong negative emotions in daily life and, in turn, to a continuation of binge eating.
Our finding that the AN-r group was not significantly different from CTL regarding neural responses in reward and punishment processing is incompatible with the results of previous fMRI studies 20, 53, 54 that showed that reward or punishment processing in AN-r differs from that in CTL. In previous studies using a monetary guessing task, 22 AN-r showed altered response in the striatum. 20, 53 In addition, another study using the MID task showed that recovered AN (mainly AN-r) patients had elevated dorsolateral prefrontal cortex activity during the anticipation phase of gains. 54 Differences among studies may have arisen for several reasons. First, the studies using a monetary guessing task focused on the outcomes of loss and gain, 20 ,53 while we examined the anticipation of loss and gain. The study using the MID task focused on anticipation, but only that of gain. 54 Second, the previous studies used different analysis methods (e.g., regions of interest 20, 53, 54 and time-course analysis 20 ) and focused on the main effect of condition (loss/ gain) 53 and the group-by-condition interaction. 20, 53 Third, our result of no significant differences between the two groups may be attributable to our limited sample size, especially when employing whole-brain analyses. Fourth, while participants in the previous studies were individuals who had recovered from AN-r 20, 54 or adolescents with AN-r, 53 the participants of our study were adults with AN-r who had not recovered.
There are limitations to the present study. First, the sample sizes of both the AN-r and AN-bp groups were small by current normative standards. Because of the small sample size, more variable and weak brain activations would not be detected, 55 and group differences may have been overlooked. Second, the participants were all women, and these findings may not generalize to men. In addition, the AN participants were chronically affected, and the average age was over 30 years. Therefore, our findings may not generalize to adolescents or young adult women. Third, while we chose individuals whose duration of illness was over 5 years and whose diagnosis had never changed in the AN-r group, the possibility of potential diagnostic crossover cannot be excluded, as a previous study has pointed out. 56 Finally, some participants had mild mood/emotional symptoms and received psychoactive medications, which have the potential ability to modify the central reward system, and may diminish brain activity in the reward system. [57] [58] [59] [60] Therefore, the effects of medicines cannot be excluded in the current study.
In conclusion, this is the first fMRI study to investigate differences in reward and punishment processing between AN subtypes. The present study provides preliminary evidence that there are neurobiological differences between AN subtypes in the reward system, especially punishment processing. This advances our understanding of these disorders, which may inform the development of evidencebased treatment approaches and tailored treatment approaches for AN subtypes. However, the specific neurobiological differences between AN subtypes are still uncertain, and further studies are needed to clarify differences in the etiology of the AN subtypes.
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